The sonic boom at a large distance from its source consists of a leading shock, a trailing shock and a one parameter family of nonlinear wavefronts in between these shocks. A new ray theoretical method using a shock ray theory and a weakly nonlinear ray theory has been used to obtain the shock fronts and wavefronts respectively, for a maneuvering airfoil in a homogeneous medium. This method introduces a one parameter family of Cauchy problems to calculate the shock and wave fronts emerging from the surface of the airfoil. These problems are solved numerically to obtain the leading shock front and the nonlinear wavefronts emerging from the front portion of the airfoil.
INTRODUCTION
Sonic boom had been anticipated in the early 50's of the 20th century even in early stages of supersonic flights of aircraft. Developments in the fundamental theory of sonic boom and the implementation to practical models took almost two decades but this field of research is still active (Plotkin, 2002) . When the propagation of the sonic boom is traced using linear ray theory, the rays tends to converge and forms a folded caustic, where the amplitude becomes infinite. Experimental (Wanner et al., 1972) and theoretical (Marchiano et al., 2003) studies shows that the nonlinear and diffraction effects at the caustic reduces the focus intensity and keeps the amplitude finite.
We use a shock ray theory and a weakly nonlinear ray theory (see Prasad, 2001, Baskar and Prasad, 2005b) to formulate a new method involving a one parameter family of Cauchy problems for a system of conservation laws to calculate the leading and trailing shock fronts, and the nonlinear wavefront emerging from the surface of the airfoil. Unlike some of the earlier methods based on Whitham (1974) , the nonlinear effects are incorporated from very beginning. We show that the governing systems are hyperbolic for the front part of the airfoil and are elliptic for the trailing part. We compute the leading shock front and the nonlinear wavefront emerging from the front portion of the airfoil, which are governed by the hyperbolic part of the system.
FORMULATION OF THE PROBLEM
Consider a two dimensional unsteady flow produced by a thin maneuvering airfoil moving with a supersonic velocity along a curved path. We are interested in calculating the sonic boom produced by the airfoil, the point of observation being far away say at a distance L, from the airfoil. We use coordinates x, y and time t nondimensionalized by L and the sound velocity a 0 in the ambient medium. In a local rectangular coordinate system (x ′ , y ′ ) with origin O ′ at the nose of the airfoil and O ′ x ′ axis tangential to the path of the nose, which moves along (X 0 (t),Y 0 (t)), let the upper and lower surfaces of the airfoil be given by (x ′ = ζ , y ′ = b u (ζ )) and (x ′ = ζ , y ′ = b l (ζ )), −d < ζ < 0 respectively. Here d is the nondimensional cumber length. We assume that b
so that the nose and the tail of the airfoil are not blunt. We
where ε is a small positive number. Then the amplitude w of the perturbation in the sonic boom also satisfies w = O(ε).
The sonic boom produced either by the upper or the lower surface consists of a leading shock LS:
and since high frequency approximation is satisfied by the flow between the two shocks, a one parameter family of nonlinear wavefronts Ω (ζ )
originating from the points P ζ on the airfoil in between the two shocks.
The evolution of Ω t in the ray coordinate system (ξ ,t) is governed by a pair of Kinematical conservation laws (KCL) (Prasad 2001 )
where n = (cos θ , sin θ ) is the normal to Ω t , T is the tangential component of the ray velocity, gdξ is an element of length along Ω t and m is the Mach number of Ω t . When Ω t is a wavefront (weakly nonlinear ray theory), we have in addition to (1)
When Ω t is a shock front, we denote the corresponding variable by M, N = (cos Θ, sin Θ) and G, and we have (1) and two more equations (Shock ray theory) (Baskar and Prasad, 2005a)
where M and V are defined as
Here the normal derivative N, ∇ w is first obtained in the region behind the shock if the shock is moving into the undisturbed region and in the region ahead of the shock if it is moving into the disturbed region and then the limit is taken as we approach the shock. The mapping from (ξ ,t)-plane to (x, y)-plane can be obtained by integrating the first part of the shock ray equations
Let (X (t),Y(t)) be the parametric representation of the flight path. We introduce a ray coordinate system (ξ = −η, η ≤ t) and (ξ = η, η ≤ t) for the fronts emerging from the upper and the lower surface of the airfoil respectively. The base point P ζ of Ω (ζ ) t on the upper surface of the airfoil corresponds to a point on the line ξ +t = 0 in the (ξ ,t)-plane. The Cauchy data for the nonlinear wavefronts (system (1)-(2)) on this line is given by (Baskar and Prasad, 2005b) 
where
Since the eigenvalues of the system (1)-(2) are λ ± = ±((m − 1)/(2g 2 )) 1/2 and λ 2 = 0, the Cauchy problems for Ω (ζ ) t , G < ζ < 0 are hyperbolic and for Ω (ζ ) t , −d < ζ < G are elliptic (we call it elliptic even though λ 2 = 0 is real). The same is true for LS and TS. The Cauchy data for the LS and TS ( (1), (3)- (5)) are given by
X 0 = X 0 cos ψ +Y 0 sin ψ G 0 and Θ 0 are as in (7) . The Cauchy data for the lower surface are defined similarly.
NUMERICAL SIMULATION
We consider the flight path to be of two types namely, 1. a straight path where the airfoil accelerates in the x-direction and 2. a path concave downwards. The leading nonlinear wavefronts emerging from the upper and the lower surface of the airfoil over concave downward path are shown in FIG. 1a for various times. The nonlinear wavefronts produced from the points on the front portion of the airfoil interacts with the LS and disappears from the flow as shown in FIG. 1b and 2 . The same happens for the trailing part of the airfoil. These two sets, one interacting with LS and another interacting with TS are separated by a linear wavefront Ω (G) t , which originates from a point P a where the function b u (ζ ) (b l (ζ )) are maximum (minimum). FIG 1c shows the sonic boom wavefront (concave downward path) at t = 5 (caustic region) calculated from the present method and the linear theory. The linear wavefront folds whereas the nonlinear wavefront develops two kinks (called as shock-shock by Whitham, 1974) , which are the images of the shocks in the ray coordinate under the transformation (6) . Such kinks are also observed by Inoue et al. (1997) in FIG. 3 ) and also some general maneuvering projectile similar to the concave downwards path. The kinks in FIG. 3 are denoted by IPE and IPS. The governing systems for the present method in −d ≤ ζ < G is elliptic in nature and so we expect a geometry for the TS and the nonlinear wave fronts to be free from kinks in this region which are also observed by Inoue et al. (1997) (reproduced in FIG. 3) . The computation in the elliptic region will be pursued separately. 
